We investigate the role played by the Polyakov loop in the dynamics of the chiral phase transition in the framework of the so-called PNJL model in the SU (2) sector. We present the phase diagram where the inclusion of the Polyakov loop moves the critical points to higher temperatures, compared with the NJL model results. The critical properties of physical observables, such as the baryon number susceptibility and the specific heat, are analyzed in the vicinity of the critical end point, with special focus on their critical exponents. The results with the PNJL model are closer to lattice results and we also recover the universal behavior of the critical exponents of both the baryon susceptibility and the specific heat.
quarks degrees of freedom as the critical temperature is approached from above, which is interpreted as a manifestation of confinement and is essential to reproduce lattice results.
We emphasize that the reduction of the weight of the quark degrees of freedom might also have an important role for the critical behavior.
This effect should be more visible in the temperature domain, which can be explained by the attractive interactions between the quarks and the effective gluon field which shifts the chiral phase transition temperature to high values, allowing for a stronger first order phase transition.
Hence it is demanding to use this improved NJL model to investigate relevant thermodynamical quantities such as the CEP and the TCP.
Our main goal is to locate the critical end point in the PNJL model [15] and confront the results with the NJL one and universality arguments. Based on the fact that the CEP is a genuine thermodynamic singularity, being considered a second order critical point, response functions like the specific heat and susceptibilities can provide relevant signatures for phase transitions. We notice that susceptibilities in general are related to fluctuations through the fluctuation dissipation theorem, allowing to observe signals of phase transitions in heavy-ion reactions [16, 17] .
The Lagrangian of the SU(2)⊗SU(2) quark model with explicit chiral symmetry breaking where the quarks couple to a (spatially constant) temporal background gauge field (represented in term of Polyakov loops) is given by [14, 18] :
The quark fields q = (u, d) are defined in Dirac and color fields, respectively with two flavors, 
The strong coupling constant g Strong has been absorbed in the definition of
where A µ a is the SU c (3) gauge field and λ a are the Gell-Mann matrices. Besides in the Polyakov gauge and at finite temperature
The Polyakov loop Φ (the order parameter of Z 3 symmetric/broken phase transition in pure gauge) is the trace of the Polyakov line defined by: Φ = reproduce at the mean-field level the results obtained in lattice calculations:
where
and a 0 = 6.75, a 1 = −1.95, a 2 = 2.625, a 3 = −7.44, b 3 = 0.75, b 4 = 7.5, T 0 = 270 MeV.
The parameters of the pure NJL sector are fixed at zero temperature as in [6] : the threemomentum cutoff used to regularize all the integrals is Λ = 590 MeV, m Finally with
PNJL grand potential is given by [14, 19] :
We notice explicitly that at T = 0 the Polyakov loop and the quark sector decouples.
The baryon number susceptibility and the specific heat are the response of the baryon number density ρ q (T, µ) and the entropy S(T, µ) to an infinitesimal variation of the quark chemical potential µ and temperature, given respectively by:
The baryon number density is given by ρ q = Nc π 2 p 2 dp (n q (µ, T ) −n q (µ, T )) where n q (µ, T ) andn q (µ, T ) are the occupation numbers modified by the Polyakov loop [19] .
The PNJL thermodynamic potential is an effective potential depending on three pa- divergence of the correlation length at the CEP affects the phase diagram quite far from the CEP and that a careful analysis including effects beyond the mean field needs to be done [20] .
As seen in [19] (Fig. 7) , one of the main effects of the Polyakov loop is to shorten the temperature range where the crossover occurs (at µ = 0 the crossover occurs within a range of 150 MeV for the NJL model and within 115 MeV for the PNJL one), thus resulting in higher baryonic susceptibilities even far from the CEP. This effect is driven by the fact that the one-and two-quark Boltzmann factors are controlled by a factor proportional to Φ: at small temperature, Φ ≃ 0, results in a suppression of these contributions. The thermal bath being then only produced via the 3-quark Boltzmann factor, our physical interpretation is that the bath is colorless, quarks being produced only in triplet necessarily colorless in the average because of Φ being the order parameter of Z 3 in this effective theory, Φ ≃ 0 indicates a partial restoration of the color symmetry. When the temperature increases, Φ goes quickly to 1, resulting in a (partial) restoration of the chiral symmetry which occurs in a shorter temperature range. In fact, the most striking difference between NJL and PNJL models is a faster variation with temperature, around any characteristic critical temperature, of the PNJL results.
The crossover taking place in a smaller temperature range can be interpreted as a crossover transition closer to a second order one than in the NJL model. This "faster" crossover may also explain the elongation of the critical region compared to the NJL one giving raise to a greater correlation length even far from the CEP.
With this indication of the important role of the entanglement of the chiral and the Polyakov loop dynamics on the critical behavior of the QCD phase diagram, it is mandatory to investigate the behavior of χ q and C in the vicinity of the CEP and their critical exponents, in the framework of the PNJL model. For comparison purposes with the NJL model and the universality/mean-field predictions, the calculated critical exponents at CEP and the TCP are presented in Table I , and will be discussed in the sequel.
The phenomenological relevance of fluctuations in the finite temperature and chemical potential around the CEP/TCP of QCD has been recognized by several authors. If the critical region of the CEP is small, it is expected that most of the fluctuations associated with the CEP will come from the mean-field region around the CEP [9] .
In the left panel of tends to infinity at µ = µ CEP , which implies a diverging χ q . For temperatures above T CEP , in the crossover region, the discontinuity of χ q disappears at the transition line.
A similar behavior is found for the specific heat as a function of temperature for three different chemical potentials around the CEP, as we can see from the right panel of Fig. 2 .
These behaviors of χ q and C are qualitatively similar to those obtained in the SU (2) NJL model [7] . As we have already seen, the baryon number susceptibility, χ q , and the specific heat, C, diverge at T = T CEP and µ = µ CEP , respectively [7, 9] . In order to make
this statement more precise, we will focus on the values of the critical exponents, in our case ǫ and α are the critical exponents of χ q and C, respectively. These critical exponents will be determined by finding two directions, temperature-like and magnetic-field-like, in the (T − µ)-plane near the CEP, because, as pointed out in [21] , the form of the divergence depends on the route which is chosen to approach the critical end point.
To study the critical exponents for the baryon number susceptibility (Eq. 4) we will start with a path parallel to the µ-axis in the (T, µ)-plane, from lower µ towards the critical µ CEP = 321.32 MeV, at fixed temperature T CEP = 169.11 MeV. In Fig. 3 we plot χ q as a function of µ close to the CEP. Using a linear logarithmic fit
where the term c 1 is independent of µ, we obtain ǫ = 0.66 ± 0.01, which is consistent with the mean-field theory prediction ǫ = 2/3.
We also study the baryon number susceptibility from higher µ towards the critical µ CEP .
The logarithmic fit used now is ln
Our result shows that ǫ ′ = 0.69 ± 0.02 ≈ ǫ. This means that the size of the region we observe is approximately the same independently of the direction we choose for the path parallel to the µ-axis. These critical exponents are presented in Table I , where we can see that the critical exponents for the baryon number susceptibility are approximately the same for both, PNJL and NJL models, and are consistent with the mean-field theory prediction ǫ = 2/3.
On the other hand, in the chiral limit (where the CEP becomes a TCP), it is found that the critical exponent for χ q has the value γ q = 0.51 ± 0.01, for both, PNJL and NJL models.
Again, these results are in agreement with the mean-field value (γ q = 1/2). Now, paying attention to the specific heat around the CEP, we have used a path parallel to the T -axis in the (T, µ)-plane from lower (higher) T towards the critical T CEP = 169.11
MeV at fixed µ CEP = 321.32 MeV. In Fig. 3 (right panel) we plot C as a function of T close to the CEP in a logarithmic scale. We see that for the region T < T CEP we have α = 0.63 ± 0.02
Contrarily to what happens in the NJL model (see Table I and Refs. [7] ), this value of α is closer to the one suggested by universality arguments in [9] .
We also observe, as in in Ref. [7] Table   I ). As pointed out in [9] , this change of the exponent can be interpreted as a crossover of different universality classes, with the CEP being affected by the TCP.
In both models, the influence of the TCP is stronger in the specific heat rather than in the baryon number susceptibility: the closest distances between the TCP and the CEP in both phase diagrams occur in the T-direction (( Let us now analyze the behavior of the specific heat around the TCP. As shown in Table   I , we find a nontrivial critical exponent α = 0.40 ± 0.02 only for the NJL model while for the PNJL model α = 0.50 ± 0.01.
In this work, we have considered an extension of the NJL model which couples chiral and confinement-like order parameters. We have found that our model in general reproduces important features of the QCD phase diagram as the location of the CEP/TCP. In addition, these results confirm the general idea that, in contrast to the NJL model, the PNJL model provides a quantitative description of QCD thermodynamics near critical points. In the PNJL model, the crossover taking place in a smaller T range can be interpreted as a crossover transition closer to a second order one than in the NJL model. This "faster" crossover may explain the elongation of the critical region compared to the NJL one giving rise to a greater correlation length even far from the CEP. We have also studied the baryon number susceptibility and the specific heat around the CEP which are related with event-by-event fluctuations of µ or T in heavy-ion collisions. An important observation is that, in the PNJL model the obtained critical exponents are consistent with the mean-field values, both for the baryon number susceptibility and the specific heat, while for the NJL this is only true for the baryonic susceptibility, since for the specific heat α is different from ǫ.
As the CEP lies in the region expected to be probed by heavy ion experiments, it would be interesting to find an experimental signature of such a point. Near the critical point, and in particular in the path we choose to study the critical exponents of the specific heat, there is a possibility of the spinodal decomposition in the first order phase transition. So, the competition between features of the first and second order phase transition in the mixed phase can allow for nontrivial effects, such as the above referred ones and to which there is no information from heavy-ion collisions. Our numerical results which also includes the chemical potential can be relevant to this purpose.
In conclusion, the results with the PNJL model are closer to lattice results and we also recover the universal behavior of the critical exponents of both the baryon susceptibility and the specific heat. The PNJL model here discussed, allowing for finite dynamical quark masses, can provide a convenient tool to study the QCD phase diagram; it allows to establish a convenient link between the lattice results, and the NJL model itself where gluonic degrees of freedom are missing.
